carrier systems available, the therapeutic potential of synthetic Academic Department of Obstetrics and Gynaecology, Charing liposomes has been extensively studied (Gregoridis, 1989; Cross and Westminster Medical School, Fulham Palace Road, Ranade, 1989 Gabizon et al., 1994) . Increasing evidence indicates that The mechanism of uptake was determined by pre-treating cationic liposomes are capable of safely transferring cystic the cells with metabolic inhibitors: 2 mM of sodium azide fibrosis genes to pulmonary epithelium both in vitro and in vivo and 25 mM of deoxyglucose for 30 min. The uptake of (Alton and Geddes, 1995).
1987; Lichtenberg, 1988; Gregoriadis 1989) . We evaluated the mechanism of uptake of carboxyfluoresIn recent years, liposomes have been used in the clinical cein-containing small unilamellar liposomes of different practice for treatment of metabolic disorders (Gregoridis et al., surface charge by trophoblast cells in culture. Carboxy-1982) , infectious diseases (Pirson et al., 1980 ; Richardson, fluorescein-encapsulated neutral liposomes were prepared 1983), systemic fungal infections (Grant et al., 1989 ; Lopezby using equimolar concentrations of lecithin and choles- Bernestein et al., 1989) , and to reduce adverse effects of terol. Anionic and cationic liposomes were prepared by chemotherapeutic drugs (Owen et al., 1992; Gabizon et al. , adding dicetylphosphate and stearylamine. Trophoblast 1994) . The results of these studies suggest that liposome cells from human term placenta were cultured and incubencapsulation of a drug can facilitate selective organ delivery ated on the first day at 37ϒC with liposome-encapsulated with minimal systemic side-effects (Eichler et al., 1988 ; carboxyfluorescein or 500 nM of free carboxyfluorescein. Gabizon et al., 1994) . Increasing evidence indicates that The mechanism of uptake was determined by pre-treating cationic liposomes are capable of safely transferring cystic the cells with metabolic inhibitors: 2 mM of sodium azide fibrosis genes to pulmonary epithelium both in vitro and in vivo and 25 mM of deoxyglucose for 30 min. The uptake of (Alton and Geddes, 1995) .
liposomes was also evaluated both qualitatively under
Recently, we have shown that small unilamellar liposomes fluorescent microscope and quantitatively by measuring can increase the uptake and transfer of hydrophilic molecules carboxyfluorescein fluorometrically. The uptake of free like carboxyfluorescein across the perfused human term carboxyfluorescein and cationic liposomes was comparable.
placenta (Bajoria and Contractor, 1997) . Our data suggest that The anionic liposomes were taken up by the trophoblast liposomes do not cross the placenta per se, and so the cells more avidly than the neutral (13.2 ⍨ 1.6 versus 9.5 mechanism by which they facilitate the placental passage of a ⍨ 1.4%; P <0.01), cationic (2.9 ⍨ 0.4%; P <0.001) and drug remains unclear. We postulate that this could be due to the free carboxyfluorescein (2.1 ⍨ 0.9%; P <0.01). When uptake of liposomes by the placenta. This information is cells were pre-treated with metabolic inhibitors, the uptake important before liposomes can be used as a vehicle to enhance of anionic (5.9 ⍨ 1.8%; P <0.001) and neutral liposomes transplacental passage of therapeutic agents to treat certain (4.0 ⍨ 0.8%; P <0.01) was significantly reduced, whereas metabolic and genetic disorders in utero. (Contractor and Sooranna, solution and layered in a 50 ml conical polystyrene centrifuge tube. The gradient was centrifuged at 1200 g at room temperature for 40 1986).
min. After centrifugation, three distinct zones were identified: the Preparation of liposomes bottom zone containing red cells and occasional polymorphonuclear cells; the top zone, containing connective tissue elements, small The neutral liposomes were made from equimolar concentrations of vessels, and villous fragments; and the middle zone, containing a lecithin and cholesterol. Anionic (PC:CHOL:DCP 7:7:1) and cationic relatively uniform population of mononuclear cells. The middle layer liposomes (PC:CHOL:SA 5:5:0.05) were prepared by adding DCP corresponding to density of 1.048-1.062 g/ml was removed and was and SA respectively. then washed in Hanks' medium. The cell pellet thus obtained was Small unilamellar liposomes were prepared by standard techniques made up to 10 6 live cells/ml in Hanks' F-10 medium containing 15% of hydration of the dried lipid film with 250 mM of carboxyfluorescein fetal calf serum, 10 mM HEPES, 100 IU/ml of penicillin, 100 µg/ml (Senior and Gregoriadis, 1984 ). The lipid suspension was then streptomycin and 100 IU/ml nystatin. Aliquots of cell suspension (0.2 sonicated and liposomally-entrapped carboxyfluorescein was separml) were dispensed into 96-well sterile plates and incubated at 37°C ated from the free by gel filtration on a Sephadex G-25 column in an atmosphere of 5% CO 2 in air. (45ϫ1 cm) equilibrated with Tris buffer (10 mM Tris/0.14M NaCl/ HCl, pH 7.4). Liposomes were collected as 3-4 ml fractions of Characterization of the cells orange-coloured suspensions at the end of the void volume. The free
The characteristics and the number of cells present in the individual carboxyfluorescein was eluted as a broad peak~15 ml after the cultures were determined by immunocytochemistry. Cells in the 96-void volume.
well plates were fixed with methanol:acetone (1:1 v/v) for 5 min and The phospholipid and cholesterol content of each liposomal preparawashed with PBS. Cells were then incubated with either a monoclonal tion was analysed. The percentage of carboxyfluorescein encapsulated antibody to keratin intermediate filaments (LE61) which will detect per mole of lipids was calculated as a function of latency using epithelial cells or with a trophoblast-specific monoclonal antibody the formula:
(ED341) (Contractor and Sooranna, 1986) . After incubation with goat % latency of carboxyfluorescein ϭ F2 -F1/F2ϫ100
anti-mouse antibody labelled with fluorescein isothiocyanate (FITC), cells were viewed and counted under fluorescence. Cultures with where F2 ϭ total carboxyfluorescein; F1 ϭ free or non-encapsulated Ͼ95% keratin-and trophoblast-positive cells were used for lipocarboxyfluorescein present. Concentration of free carboxyfluorescein some studies. was estimated by suspending 10 µl of liposomal preparation in buffer.
Total carboxyfluorescein entrapment per liposomal preparation was
Experimental protocol determined by disrupting the liposomal membrane with 1% Triton Cells obtained on day 1 of culture were used for the experiment. X-100 in phosphate-buffered saline (PBS).
After aspiration of the culture media, and washing with fresh Hanks' The encapsulation efficiency of carboxyfluorescein was expressed solution without fetal calf serum (FCS), the cells were re-incubated as the percentage of carboxyfluorescein added. The size and the in the same media for 30 min at 37°C. Cells were incubated in number of lamellae of the liposomes were determined by applying a duplicates with 500 nM of free carboxyfluorescein or a known drop of liposome suspended in Tris-buffered saline to bacitracinconcentration of liposomally-encapsulated carboxyfluorescein at treated carbon-coated grid and staining with 1% ammonium molyb-37°C. Cells were also incubated in duplicates with liposomallydate. After removing the excess stain, the grid was dried for 30 encapsulated or free carboxyfluorescein after pre-treatment with 2 min and scanned under Jeol 100CX electron microscope at low mM of sodium azide (inhibitor of cellular respiration) and 25 mM of magnification followed by high magnification.
deoxyglucose (inhibitor of glycogenolysis) for 30 min at 37°C. The trophoblast cell-associated carboxyfluorescein concentration was Culture of human term trophoblast determined every 30 min over a period of 3 h. Trophoblast cells from human term placenta were cultured by the At each time point, cells were washed thoroughly with PBS at technique of Kliman et al. (1986) , modified by Contractor and least six times to remove extracellular liposomal carboxyfluorescein. Sooranna (1991) .
0.2 ml of 0.5 M NaOH was added to solubilize the cells. The Normal term placentae were obtained immediately after spontanconcentration of carboxyfluorescein and liposomal phospholipid were eous vaginal delivery or uncomplicated Caesarean section. The determined. placental villi from cotyledons were cut into small pieces (1ϫ1 mm)
For immunofluorescence, at the end of 3 h, cells were washed six and separated from the underlying fibrous tissue. Then it was times with PBS buffer and fixed with 0.2 ml of methanol:acetone extensively rinsed with PBS to remove excess blood. Tissue (~30 g)
(1:1 v/v) for 5 min at room temperature. The cells were then visualized was collected and trypsinized in 150 ml of PBS:Hanks' (1:1 v/v) in PBS using a Nikon Diaphot-TMD inverted microscope equipped containing 0.25% trypsin, 0.8 mM EDTA and 20 mM HEPES at with an HBO 100W/2 mercury lamp to determine the distribution of 37°C for 1 h. The fragments were allowed to settle and the supernatant cell-associated fluorescence. was passed through a layer of cotton gauze. Aliquots of 40 ml of the supernatant were layered over 1.5 ml calf serum in 50 ml conical Analytical methods centrifuge tubes and were centrifuged at 1000 g for 10 min at room Protein determination temperature. The resultant pellets were re-suspended into Hanks'
After washing the cells with PBS and solubilizing in 0.5 M NaOH, solution and pooled. The remaining placental tissue was subjected to concentration of cell protein was determined spectrophotometrically the trypsin digestion procedure again and the pellet thus obtained (Lowry et al., 1951) . The concentration of cell protein per well was was pooled. The resultant pooled cell suspensions were passed through 27 Ϯ 3 µg. a double layer of gauze and centrifuged at 1000 g for 10 min. The pellet was re-suspended in 5 ml of Hanks' solution and layered over
Carboxyfluorescein assay The concentration of carboxyfluorescein was measured fluorometrica preformed Percoll gradient made in Hanks' solution. The gradient ally at excitation and emission wave lengths of 490 and 520 nm Statistical analysis respectively with a sensitivity of 1 nm/ml and a coefficient of variation All values were expressed as mean Ϯ SEM. The zero time values of 4-7% were subtracted from all subsequent values and cellular uptake of carboxyfluorescein expressed as percentage of initial dose added per Phosphorus assay 10 mg of total cell protein. Two-way analysis of variance was used The phospholipid content of the liposomes was assayed colorimetto compare data between groups. P Ͻ0.05 was considered to be rically with a sensitivity of 5 µg/ml and a coefficient of variation of statistically significant. 8-10% (Gomori, 1942) .
Cholesterol assay
The cholesterol content of the liposomes was assayed colorimetrically
Results
with a sensitivity of 5 µg/ml and a coefficient of variation of 5-10%.
The liposomes used in this study were unilamellar with mean diameter of 73.6 Ϯ 8.8 nm (Figure 1) . The percentage encapsulation of carboxyfluorescein per mole of phospholipid was higher with neutral (2.5 Ϯ 0.5) than with anionic (2.0 Ϯ 0.4) or cationic liposomes (2.1 Ϯ 0.5) ( Table I ). Irrespective of their surface charge, liposomes were stable in tissue culture media under physiological conditions (Table II) .
The cellular uptake of free carboxyfluorescein when incubated with trophoblast cells increased linearly to a maximum of 2.1 Ϯ 0.9% at 180 min ( Figure 2A ). This constituted the control group. When cells were incubated with neutral liposomes, the concentration of carboxyfluorescein was significantly higher than the control group (9.5 Ϯ 1.4%; P Ͻ0.001) with liposomal phospholipid concentration of 7.2 Ϯ 0.4 µmol at 3 h ( Figures 2B and 3A) . The uptake of anionic liposomes by trophoblast cells increased linearly to 13.2 Ϯ 1.6% at 180 min, which was significantly higher than the control data (P deoxyglucose, the uptake of neutral liposomes was also reduced to 4.0 Ϯ 0.8% (P Ͻ0.001) with reduction of liposomal phospholipids to 2.5 Ϯ 0.4 µmol (P Ͻ0.05) (Figures 2B and  3A) . The uptake of anionic liposomes was significantly reduced to 5.9 Ϯ 1.8% at 180 min (P Ͻ0.001) with a similar reduction in cell-associated liposomal phospholipids to 3.3 Ϯ 0.4 µmol (P Ͻ0.001) (Figures 2C and 3B ). However, there was no difference in uptake of free carboxyfluorescein ( Figure 2A ) and cationic liposomes before and after treatment of cells with the metabolic inhibitors ( Figure 2D ). When the cells were pretreated with metabolic inhibitors, the uptake of carboxyfluorescein and liposomal phospholipids between the three groups was comparable (Figure 4 ).
Discussion
This study shows that small unilamellar liposomes are internal- We used carboxyfluorescein as a marker to study the uptake of liposomes by the trophoblast cells. It has a number of advantages in that being a small (molecular weight ϭ 360) polar tion per 10 mg cell protein was 13.8 Ϯ 1.3 µmol ( Figure 3B ). The uptake of carboxyfluorescein with cationic liposomes was and hydrophilic molecule, it crosses the placental membrane sparingly (Bajoria and Contractor, 1997) . Furthermore, as it comparable with that of the control group (2.9 Ϯ 0.4%) ( Figure  2D) , with liposomal lipid concentration of 2.4 Ϯ 0.3 µmol does not bind to liposomal membrane or tissue protein, its clearance is similar to that of the liposomes. More importantly, ( Figure 3C ). The cellular uptake of carboxyfluorescein (P Ͻ0.001) and liposomal lipid (P Ͻ0.001) with anionic once internalized, carboxyfluorescein is likely to be retained within the cell cytoplasm for a prolonged period of time liposomes was significantly higher than the neutral liposomes (Figure 4) . The cellular incorporation of carboxyfluorescein (Weinstein et al., 1977; Szoka et al., 1980; Daleke et al., 1990) . This, together with ease of quantification by a simple, (P Ͻ0.001) and liposomal lipids (P Ͻ0.01) was higher with neutral than cationic liposomes (Figure 4) . highly sensitive fluorometric method along with visualization of intracellular uptake under fluorescent microscope, makes When the cells were pre-treated with sodium azide and carboxyfluorescein an ideal marker to study the mechanism of seems unlikely because in the control group when cells were incubated with 10-fold higher concentration of carboxyfluorcellular liposome uptake.
We studied the effect of surface charge of small liposomes escein than the liposomal group, cellular incorporation of carboxyfluorescein was found to be significantly less than the on their uptake by the trophoblast cells by using an in-vitro cell culture model of human term placenta. Our findings anionic liposomes. It is possible that the increased placental uptake of anionic suggest that the uptake of liposomes depends upon their surface charge. This observation was consistent with the findings of liposomes may be due to preferential adsorption of phagocytic promoting factors such as α 2 -macroglobulin, fibronectin, IgG others using fibroblast and macrophage cell lines (Molnar et al., 1977; Senior, 1987) . It is unlikely that the uptake of and C-reactive proteins to the liposomal membrane (Molnar et al., 1977; Bonte et al., 1987) . Another reason could be liposomes by trophoblast was due to contamination with fibroblasts because we only used cell preparations which that the initial surface charge of liposomes alters the steric arrangement of the adsorbed proteins in such a manner that had Ͻ2-5% of non-trophoblast cells. Furthermore, we have characterized this experimental system both ultrastructurally they are easily recognizable by the cells (Senior, 1987; Bonte et al., 1987; Dini et al., 1991) . As we used serum-based culture and biochemically and have shown that the rate of β-human chorionic gonadotrophin (HCG) production, an index of trophomedia, it is possible that serum opsonin binds more avidly to the liposomal membrane which then enhances their uptake by blast viability, does not fluctuate significantly during the first 4 days of culture (Contractor et al., 1986; the trophoblast cells in culture.
We also made an attempt to elucidate the mechanism by Contractor, 1991b) . The suitability of this system for liposomal study have been further validated by using macromolecules which liposomes are internalized by the trophoblast cells. Although there is no consensus regarding the mechanism such as immunoglobulin (Ig)G and α 2 -macroglobulin which are internalized by receptor-mediated endocytosis (Eaton et al., by which liposomes are internalized by various cell lines, endocytosis or fusion between liposomal and cell membranes 1989; Sooranna and Contractor, 1991a) .
Our data indicate that, similar to other cell lines, anionic are thought to be the two predominant mechanisms (Leserman et al., 1990) . Our data strongly suggest that anionic liposomes liposomes are internalized more avidly than neutral and cationic ones (Dijkstra et al., 1985a; Heath et al., 1985) . This differential are internalized by the trophoblast cells by an energy-dependent pathway because incubation of cells with sodium azide and uptake of liposomes according to their surface charge is unlikely to be due to discordance in the size distribution, deoxyglucose significantly reduces their uptake. This is consistent with our recent observation that placental uptake and encapsulation efficiency and stability of liposomes between the three groups because all these characteristics of liposomes transfer of liposomally-encapsulated carboxyfluorescein was maximal with small liposomes (mean diameter 70 nm) and used in this study were comparable with those of other investigators (Lichtenberg, 1988; Daleke et al., 1990) . Furtherminimal with large liposomes (mean diameter Ͼ300 nm). Taken together, these strongly suggest that internalization more, our data show that size and stability of liposomes between groups were comparable. Another possibility could of liposomes by trophoblast cells occurs predominantly by endocytosis. Similarly, it has been shown that liposomes are be that anionic and neutral liposomes fail to retain encapsulated substances in close contact with the cell membranes. This internalized by various cell lines by endocytosis (Molnar et al., biochemistry of a liposomal amphotericin B mixture used for patient 1977; Straubinger et al., 1983; Dijkstra et al., 1985) . Although treatment. Biochim. Biophys. Acta, 984, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] one study contradicts this and suggests that cellular uptake of Gregoriadis, G. (1989) (Pagano et al., 1975; Szoka et al., 1981;  in Gaucher type I disease: use in enzyme therapy and the creation of an animal model. Prog. Clin. Biol. Res., 95, 681-701. Dijkstra et al., 1985) . Since our data suggest that pretreating Heath, T., Lopez, N.G. and Papahadjopoulos, D. (1985) 
